ABSTRACT: Color center-containing nanodiamonds have many applications in quantum technologies and biology. Diamondoids, molecular-sized diamonds have been used as seeds in chemical vapor deposition (CVD) growth. However, optimizing growth conditions to produce high crystal quality nanodiamonds with color centers requires varying growth conditions that often leads to ad-hoc and time-consuming, one-at-a-time testing of reaction conditions. In order to rapidly explore parameter space, we developed a microwave plasma CVD technique using a vertical, rather than horizontally oriented stage-substrate geometry. With this configuration, temperature, plasma density, and atomic hydrogen density vary continuously along the vertical axis of the substrate. This variation allowed rapid identification of growth parameters that yield single crystal diamonds down to 10 nm in size and 75 nm diameter optically active center silicon-vacancy (Si-V) nanoparticles. Furthermore, this method may provide a means of incorporating a wide variety of dopants in nanodiamonds without ion irradiation damage. KEYWORDS: MPCVD, nanodiamond, single-crystal diamond, Si-V center, Cr-related center H istorically, diamond, an sp 3 carbon allotrope, has attracted enormous scientific interest due to its extreme physical, mechanical, optical, and electronic properties. Diamond is currently synthesized under high-pressure−hightemperature (HPHT) conditions, 1 or it can be grown directly from diamond seeds at less extreme conditions by chemical vapor deposition (CVD).
H istorically, diamond, an sp 3 carbon allotrope, has attracted enormous scientific interest due to its extreme physical, mechanical, optical, and electronic properties. Diamond is currently synthesized under high-pressure−hightemperature (HPHT) conditions, 1 or it can be grown directly from diamond seeds at less extreme conditions by chemical vapor deposition (CVD). 2 Driven by breakthroughs in quantum computing, 3 quantum entanglement 4 and encryption, 5 and biolabeling, 6 the controlled synthesis of high-purity diamonds containing color centers has become an important research topic with the promise of a variety of new applications. 7, 8 Of particular interest, especially for biolabeling, is the incorporation of color centers into nanodiamond due to the fact that diamond is biocompatible, nontoxic, and chemically inert. Two of the most promising types of diamond color centers are nitrogen-vacancy (N-V) 9 and silicon-vacancy (Si-V) 10 centers. These centers can serve as highly photostable and ultrabright nanoprobes for studying cell migration in mice 11 and other applications of super-resolution imaging. 12 Pertsinidis et al. 13 have shown that subnanometer spatial resolution is possible if greater than 10 6 signal photons per second can be detected, and it has been found that photostable Si-V color centers can emit up to 5 × 10 6 counts per second. 10 In addition, N-V and Si-V centers have demonstrated their potential for quantum information processing and quantum sensing applications. 10, 14 Shallow N-V centers in diamond formed through a sequence of surface treatments can have long spin coherence and act as high-sensitivity sensors for nuclear magnetic resonance spectroscopy. 15 Microwave and optical methods can control qubit states in N-V centers, 16 facilitating quantum network, 17 quantum memory, 18 and quantum sensing applications.
14 Si-V centers are also stable, bright, single-photon sources 10 with small inhomogeneous broadening and a large Debye−Waller factor, which are favorable for applications that utilize emitter and photon coherence. Other less common color centers, such as nickel (Ni), 19 chromium (Cr), 20 germanium (Ge), 21 or europium (Eu), 22 have the promise to open up even more avenues of research and applications. For example, nickelrelated centers in diamond are particularly interesting due to their electron paramagnetic resonance (EPR). 19 Therefore, developing methodologies to improve the incorporation and control of color centers in diamond is an important research area addressed here.
One common and inexpensive approach for obtaining very small diamonds containing N-V centers is via detonation synthesis, resulting in 5−20 nm "detonation diamonds". 23 The elemental carbon and nitrogen precursors are contained within the explosive itself, e.g., TNT (trinitrotoluene). Unfortunately, due to the uncontrolled nature of the synthesis, incorporation of unwanted sp 2 carbon into the detonation diamonds remains problematic. 24 Other methods for obtaining color-center containing nanodiamonds include ball-milling, 25 sonication of polycrystalline nanodiamond thin film, 26 crushing larger diamonds, 27 or subsequent etching bulk diamond. 28 The disadvantage of some of these methods is that they result in highly polydisperse sizes, crystal defects due to the extruding pressure, and increased sp 2 content due to surface graphitization. Some of these drawbacks can be improved through acid treatment, etching, and a sequence of annealing at high temperatures. 29, 30 A third method that circumvents the shortcomings described above is direct growth of nanometer-size diamonds using chemical vapor deposition (CVD). CVD offers the potential to grow high-quality, stress-free single-crystal diamonds while introducing color centers during growth through controlled addition of dopants, e.g., nitrogen, silicon, nickel, or chromium into the plasma. Challenges facing CVD growth have to do with the size and quality of the diamond seed crystals. If the goal is to grow perfect diamond crystals on the order of several nanometers, very small, very pure, and preferentially very homogeneous seeds are needed. Until recently, such seeds did not exist.
To even attempt to grow high-quality, nanometer-size diamonds, a seed of molecular-size with diamond-structure is required. This rules out all of the more common seeding techniques. Diamondoids can be thought of as hydrogenterminated diamonds in the 0.5 to 1.0 nm size range. As discussed in recent work by Zhang and Ishiwata et al. 31 ,32 the relatively large ("higher") diamondoids [1(2,3)4]-pentamantane, a diamondoid consisting of five interlocking diamond cages arranged to form a tetrahedron, 33, 34 has been shown to be an effective seed. The crystal quality and yield of different diamondoid seeds and also different nanoseeds is the subject of current studies.
Although it was previously shown that CVD diamonds can be grown from pentamantane, 31, 32 the methodology was far from optimized. The combined variables of substrate temperature, plasma concentrations, and etching rate of MPCVD growth leads to a very large possible parameter space over which to optimize. To explore a much greater range of conditions, we developed a novel substrate arrangement for CVD growth in which the substrate is rotated 90°from the conventional setup. In this configuration, the substrate and seeds are exposed to systematic variations in plasma density, local temperature, and different growth conditions that help rapidly identify optimal growth conditions. In addition to providing a means for high-purity nanodiamond growth, the methodology described here provides a simple and reproducible approach for introduction of color centers including Si-V and Cr-doped nanodiamonds by introducing the dopant impurities into the plasma during growth. Experiment and Results. A self-assembled monolayer of [1(2,3)4]-pentamantane diamondoids was chemically bound to oxidized surfaces of N-type ⟨100⟩ silicon wafers via the reaction of 7-dichlorophosphoryl[1(2,3)4]-pentamantane with the surface oxygen atoms to form strong phosphonate linkages according to a previously described method. 34 Diamond was grown in a microware-plasma CVD (MPCVD, Seki Diamond Systems SDS 5010) with H 2 , 300 sccm; CH 4 , 0.5 sccm; stage temperature, 350°C; microwave power, 400 W; pressure, 23 Torr. For optical characterization, diamond growth on the vertically oriented N-typed (nitrogen-doped) silicon carbide ⟨0001⟩ (thickness, 330 ± 25 μm; resistivity, 0.02−0.2 Ω·cm) substrate was optimized at H 2 , 300 sccm; CH 4 with 1% SiH 4 , 0.5 sccm; stage temperature, 300°C; microwave power, 300 W; pressure, 23 Torr. To maintain the substrate in a vertical position, we stood the wafer with diamondoid perpendicularly on a molybdenum substrate holder by the two Si-wafers on both sides.
The silicon wafer's vertical orientation yielded a wide range of growth conditions resulting in higher-quality diamonds with better seeding density than using a horizontal substrate ( Figure  1 ). The MPCVD was operated at low stage temperatures (350°C ) and low plasma intensity (400 W), with the top-edge of the silicon wafer (8 mm high, 6 mm wide, and 0.5 mm thick) acting as a plasma antenna. It is important that the substrate is at least semiconducting, as insulating materials fail to act as an antenna and the advantage of the vertical growth method is lost.
These varied conditions are in contrast with conventional direct plasma CVD diamond growth condition where the stage temperature is typically greater than 850°C and microwave power greater than 1.3 kW. Such conditions were found to be too harsh for optimal diamond growth from pentamantane seeds. The vertical geometry generates a temperature and plasma electron density gradient along the substrate, allowing the seeds to be exposed to different conditions from top to bottom of the wafer. In addition, simulations described below show that the concentration of atomic hydrogen in the plasma also changes along the length of the vertical substrate.
Representative scanning electron microscope (SEM) images of diamond growth along the length of the wafer show a systematic trend in crystal morphology and diamond particle density. The results of SEM images in Figure 2a show that the diamond particles are more numerous but polycrystalline near the top of the wafer, evolving into well-faceted, single-crystal particles near the bottom of the silicon substrate. The seeding density along the vertical axis and across the width of the substrate was roughly consistent, ∼800 ± 100 diamond particles per mm 2 , though under certain conditions higher seeding densities were possible (Supporting Information, Figure S1 ). Diamond quality was assessed through Raman spectroscopy. As shown in Figure 2b , the Raman spectra of sp 3 (diamond) and sp 2 (graphitic) hybridized carbons are quite distinct. It is important to keep in mind when looking at the Raman spectra that the molar intensity coefficient for the sp 3 vibration is 50× weaker than sp 2 features. 35 The highest quality diamond nanoparticles occurred 2−3 mm from the bottom of the wafer (Figure 2a ) and showed single crystal faceting and a very sharp 1332 cm −1 sp 3 Raman peak with the full width at half-maximum (fwhm) line-width of 5.75 cm −1 (red spectra of Figure 2b , 2 mm from the bottom of the substrate). A relatively large fraction (37%) of the diamonds at this location were of high-quality, with faceted crystal morphologies and a sharp sp 3 Raman peak (N = 35, Supporting Information Figures S2−S4) . The mean line-widths of these nanoparticles was 5.60 ± 1.04 cm −1 , similar to thin-film diamond 26 and significantly less than most nanoparticles. The narrowest line-widths observed were 3.51 cm −1 , remarkably close to the 3.0 cm −1 line-width typically seen in bulk diamond 36 ( Figure 2e ). Interestingly, polycrystalline particles or those with visible defects had higher line widths than similarly sized, faceted single crystals, suggesting crystalline defects were at least partially responsible for line width broadening. For comparison, a collection of the SEM images and Raman sp 3 peaks for all 35 nanoparticles analyzed are shown in Supporting Information.
A bright-field transmission electron microscope (TEM) image taken on a single crystal silicon TEM grid and the These results show that the largest but least pure (i.e., most sp 2 contamination) diamonds, and diamond-like nanoparticles were found to grow on the top of the wafer (Figure 2a) . Toward the bottom (away from the plasma), smaller, higherquality, pure sp 3 diamonds grew. We believe that this phenomenon is the result of higher concentrations of atomic hydrogen acting as an sp 2 etchant near the bottom of the wafer. This hypothesis is supported by the numerical simulations described below. These results show that using this growth geometry, one can continuously screen a variety growth conditions, e.g., plasma electron density, atomic hydrogen density, temperature, and gas composition, to better optimize high seeding densities, crystal quality, and the incorporation of desired dopants.
Computer Simulations. To understand the different growth environments present as a function of distance along the wafer for vertical CVD diamond growth, we performed a series of computer simulations of the growth conditions. Our simulations of the vertical-substrate MPCVD were performed using the commercial software Comsol Multiphysics. In the model, electromagnetic radiation creates hot electrons, which in turn heat up the neutral gas via rotational and vibrational excitations. 37−39 For our plasma model, we used Maxwell's equations for electromagnetic field in combination with a driftdiffusion equation (Supporting Information, eq 1) for electrons and the modified Maxwell-Stefan equation (Supporting Information, eq 2) for the transport of neutrals and ions. To improve the simulations, both Navier−Stokes and heat transfer equations were included to determine the plasma temperature and gas flow rate. Atomic hydrogen created by electron-impact dissociation of H 2 is the driving force behind all the reactions. The atomic hydrogen in the plasma plays a vital role during the growth of diamond MPCVD since it suppresses the formation of graphite and stabilizes diamond growth. 40 Simulations included the collisions of seven electron-neutrals or the three ions listed in Table S1 (Supporting Information). At our operating pressure of 23 Torr, the mean free path of neutral gas collisions is ∼600 μm, much shorter than the internal dimensions of the CVD chamber. Hence, energetic neutral atoms heat the surrounding gas molecules before colliding with the chamber walls. Through the dissociation and ionization processes, the accelerated electrons are also capable of generating radical neutrals and ions.
Modeling results suggest that the plasma electron density is concentrated on the top-edge of a vertically placed Si-wafer, consistent with visual emission observations (Figure 4b ). The vertical substrate creates a gradient of ionic methane and hydrogen over the length of the wafer. The atomic hydrogen concentration and temperature gradients along the z-axis at a microwave power of 400 W is presented in Figure 4c . Near the top of silicon wafer, the temperature is higher (∼950°C), with a lower density of atomic hydrogen. Conversely, near the bottom of the wafer where optimal crystal faceting and quality is observed, the atomic hydrogen concentration is higher, with a lower substrate temperature (∼600°C). We believe the higher atomic hydrogen concentration with concomitant higher carbon etch rates leads to the higher quality nanodiamond in the lower portion of the wafer.
In order to test the predictions of the temperature gradient between simulation and experiment, we used the infrared pyrometer (LumaSense Technologies Inc., USA) to acquire temperatures along the height of the vertical substrate. The resulting measurements, which are shown in Figure 4d , indicate an increase in temperature from 550°C at 2 mm to 750°C at 5 mm, commensurate with the simulations. As was shown in our results, atomic hydrogen etching and plasma density during growth plays a crucial role in the final quality of the epitaxial single-crystal nanodiamond. Moreover, the etching allows the removal of any nonepitaxial carbon atom, thus leading to better morphology of grown nanodiamonds.
Optical Characterization of Color Centers. The Si and N dopants were incorporated during the CVD plasma growth process. These elements could be introduced either through addition of reagent gases (N 2 or SiH 4 ) 41 or through etching of a Si substrate during vertical CVD growth. Thus, using silicon or silicon carbide (SiC) substrates during the CVD process resulted in the growth of diamonds with Si-V color centers without additional Si sources in the feed gas.
An important aspect of the color center behavior is correlating nanodiamond size and morphology to optical properties. After growth, a fiducial mark was made ∼2 mm from the base of the wafer to facilitate one-to-one comparison between confocal fluorescence imaging and SEM. This enabled correlation of the SEM imaging showing diamonds size and quality with fluorescence, as shown by the inset of Figure 5c . Optical characterization of the color centers was performed using a scanning confocal microscope coupled to a spectrometer (Supporting Information, Figure S6 ). When examining diamonds with Si-V centers grown on Si wafers, we observed that photoquenching from the Si substrate greatly limited photoluminescence intensity. To reduce this problem, we grew the nanodiamonds on nitrogen-doped 6H-SiC, which has lower background emission (Supporting Information, Figure S5 ) and less quenching than that of silicon substrate due to its larger band gap.
Representative results of confocal photoluminescence and SEM imaging of three diamond nanoparticles are shown in Figure 5a ,b, respectively. Si-V centers in nanodiamonds with low crystal strain and cryogenic temperatures (<40 K) should exhibit four zero phonon lines (ZPLs). At 4.5 K, we found that the photoluminescence spectra of a 75 nm diameter singlecrystal nanodiamond shows more than four transitions, indicating that more than one color center could be incorporated in these small nanodiamonds (Figure 5c ). The lifetime of these Si-V color centers (ND 1) is about 0.602 ± 0.008 ns as shown in Figure 5d . This result is close to the literature value of 0.7−1.2 ns. 10 This synthetic method was applicable to other color centers as well. For example, it was also possible to incorporate chromium color centers during the CVD process (Supporting Information, Figure S8 ). Previously, optically active Cr-related centers could be produced by co-implantation 42 with O, N, or Si, and could have similar brightness and radiative lifetimes as Si-V centers. 43 Here, a solution of [Cr(H 2 O) 6 ](NO 3 ) 3 was simply dried onto the Si substrate, then placed into the microwave growth chamber and grown under the same conditions as Si-V synthesis. Nanoparticles produced via this process showed clear optical signatures of Cr centers, with photoluminescence peaks at 750 and 758 nm (Supporting Information). This process did not require a second impurity atom (i.e., O, N, or Si), suggesting vertical-substrate MPCVD could be a general means of creating a wide variety of color centers, e.g., the rare earth element-related centers.
Conclusion. Recent advancements in the fields of quantum computing, biosensing, quantum entanglement, and encryption have created the need for the development of improved methods for obtaining very small, very high-quality diamonds containing color centers. Using pentamantane diamondoids chemically attached to a substrate as seeds and a novel plasma/ substrate geometry in which the substrate is rotated by 90°, we have been able to grow very high quality single-crystal diamonds in the 10 nm size range and Si-V center-containing diamonds in the ∼75 nm size range. Based on these results this technique may be a viable means for incorporating a wide variety of possible dopants into small diamonds to create color centers including Ge-V, Ni-related, and rare earth elements. Furthermore, because vertical substrate diamond growth explores a wide variety of temperatures and plasma Figure S7 . The sample is grown under the following conditions: total gas pressure, 23 Torr; microwave power, 300 W; flow rate of hydrogen gas, 300 sccm; flow rate of methane, 0.5 sccm; stage temperature, 330°C; and growth time, 15 min. compositions, it is an excellent technique to study fundamental aspects of CVD diamond growth.
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